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The Drawing,a phetegraph ef which is shown on the 


page, was made from measurements which we took direc- 


the machine itself, and is not a copy of the working 


by the manufacturerB. 


erder to obdt: the measurements we were obl- 


whole machine to pieces,and by so doing, the 
actual condition ef the turbine rat- 


ray any 5 
present 


planned for; several alterations having 


been made. 
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GATION OF THE EFFICIENCY OF A MODERN TURBINE. 


OBJECT OF TEST. 
wamemnnsetuan me oo 
The object of the following research was to determine 
the efficiency of the Gilkes Turbine in the hydraulic laboratory, 


under various conditions of head, speed, and power developed. 


THEORY OF THE RESEARCH. 


Turbines have been used for many years to convert more 


¥ less of the available energy of a waterfall or rapid into 


ical wor k . There are two main types,or classes,into 


r turbines generally may be divided, viz., Reaetion Turbines 
and Impulse Turbines. A reaction turbine acts partly by pressure 
and partly by kinetic energy. Its guide blades and runner vanes 
must always be kept full of water (i+e., must have “complete 
admission"), so as to insure uniformity of pressure throughout 
the wheel and so maintain the best conditions of workings On 

the other hand, an impulse turbine receives water at its inlet 
surface at a velocity due to the total available head, since in 
this class of wheel all the energy of the water is utilized as 


kinetic energy. This energy is imparted to the turbine by means 


of the impulse due to the gradual change »of momentum of the 


entering water. To prevent any change of pressure in the wheel, 
thus altering its efficiency, care must be taken that the water 
shall enter and leave the wheel without shock and shall be freely 
deviated, and also that the buckets or vanes shall never be 
completely filled. For this reason and also to prevent eddies 


being formed, holes are pierced just at the back of each vane. 


~ 


2. 


To obtain maximum efficiency it is obvious that the best mechani-= 
@@1 @onstruction should be employed, that the water should enter 
@m@a leave the wheel without losses of head due to shock, and that 
at should have the easiest possible path while ‘an the turbine. 
Wence we see that the angles and general shape of the guide 
Whades and vanes must be carefully pre-determined, assuming the 
head and speed under which the turbine is to work. 

The reaction turbine is best adapted for use with low 
falls and where a large quantity of water is available} while 
for high falls, the impulse turbine is best, because with a high 
head the speed of a reaction turbine would be very great, but 
using an impulse turbine, the dimensions may be so modified that 
any desired speed may be obtained. The modern impulse turbine, 
with its specially designed guides and vanes, has been developed 
from the crude “hurdy-gurdy" wheel of the early mining camps, 
with its flat vanes and single impinging jet. The following is 
@ short discussion of the fundamental principles which govern 
the design of a modern turbine. 

Let us assume the following notationse 


Via» Nb » = the absolute velocities of the water eat inlet 
and outlet, respectively. 


Uj,» Uo, = peripheral speed of turbine at inlet and outlet 
surfaces, respectively. 


Vi» Vo» = relative velocities of the water and the wheel 
at inlet and outlet. 


yY >» = angle between the direction of the water 
entering the vanes, and the wheel's 
periphery at that point. 


Py: Ts> = radii of wheel at inlet and outlet. 


Ai> Ao = areas of wheel inlet and outlet orifices. 


a, d, = depths of same. 
Hy = effective head under which wheel works. 
Q = quantity of water passed per second, measured 


in cubic feet. 
Then considering the following figure, which represents 
diagrammatically e section through the turbine, let water enter 
the wheel along ac, tangential 


to the guide blade. ae makes 


an angle y with the periphery 
of the wheel. 

J i Let ac represent v, =(/2gH; , 
i 


and also let ad drawn tangene 


DIRECTION OF 
RoTATiIOon 
: > 


tially to the periphery at a 


represent the instantaneous 


speed of the point a. This is 


r fat) a uw 
. Ne. D\N 
we | TY1 
re aa a =u, = --s=<= feet per second, 
4 hw 60 
where D, = the diameter of the wheel at the inlet surface measured 


in feet, and N @ no of revs. per minute. 

Then completing the parallelogram abed we get ab, the 
resultant ef ac and ad to represent Vy the relative velocity at 
inlet. So that there may be no loss due to shock at entrance this 
line, ab, must be tangential to the surface of the vane at the 
point ae To prevent loss due to shock at the point of exit f, draw 
fg tangential to the vane at the point f. This line must represent 
the relative velocity of the leaving water, = V5. Also draw fk 


~- DoN 
i ~2 
tangéntial to the wheel's periphery at f. Then uo = ----nu- + 


—~ 60 


j 


al 


4. 
Then completing the parallelogram fehk, we get fh = direction 
and magnitude of the absolute velocity of the leaving water. (all 
the angle kfh, Xe 

Drew om perpendicular to ad and hn perpendicular to fk. 

The relative velocity V, or Vo as the water enters or leaves 
the Wheel may thus be divided into two components, tengential and 
radial to the wheel. The tangential component is called the "velo= 
city of whirl", while the radial component is called the "velocity 
of flow" of the water through the wheel. 

Let the symbols v'!, , Vy » represent respectively the whirling 
velocities at inlet and outlet, while v,' and Vv," represent the 
velocity of flow at the same points. 

Then we have v,' = am, v,' = om 
7 Vw’ = fn, v,” = hn 
hence, from figure, we have, at inlet surfacete 
Vw = V, Coss y = ac Gos. y = am = ad + dm= uy - Vy Cos T 
and v,' =v; Siny =cm = V, Sin T. 
also at outlet surface j= 
Vy = Vo Gos x = fn = hk + kn = uy = Vo Cos B 
and v,." = vg Sin x = hn = V, Sin B. 
Hence from the figure v,", vy", v,', and v,." are readily 


obtained. 


té toofev 


wt too Lov 


@onsider the following figure%- 


Ss" 
x : Let al represent the absolute 
” : Me Sr 
Fig e. ft path of the water through the 
ae. oF 
\~ ef turbine. From the second law 
Af 
—_fp of motion we have that f=mX a; 
pe a an 
Oo” rs “ap /¥ er, thet force (or pressure) is 
Pe : measured by the rate at which 
a -Yy 


momentum is being destroyed, or 
the momentum destroyed per second 
igs a measure of the pressure on the vane at any point Pe. Now in 
a turbine the only component of this pressure on the vane is that 
which acts at right angles to the radius OP. Suppose Q could be 
completely brought to rest in one seconde Then the momentum dese- 


troyed and consequently the pressure on the vane at a would be 
oo x v..', from the above. 


But, since u, = velocity of a, the useful work done by 


the water per second is equal to 
? 
w= X Vi' xX Uy 
Similarly, at 1, Q is still capable of doing ant amount ef 


wQ 


work = <=---= x = X We 
g 


Hence the useful work done per second by the water on the 


wheel between inlet and outlet is given by 


SA josie ( v.' u,*¥ "u, ), foot pounds per sec. 


( @ at 
nidusd s 


foidw 


out. 


and 


) 


Se). 4 
Bow the theoretical —_e* is given by 


Ne 
® Per second. 
therefore the eff icieng) a he of the wheel is given by the 


wQ x Hy» 44 R 


expression 
4 x wQH, = Be, “— done per second 
wt 
eer ! = tf 
= : ( Vy Bye Vy” Be ) 


or Y) ey =v,'u, = = Ss 
Now in an impulsé turbine Pp,» the inlet pressure,= Po» the 
outlet pressure,= atmospheric pressure; and also = C.. \/2eH, 
and from the figure at the beginning we have in this case 
A: 425 
2g 228 
Hence we may preedetermine efficiency, having assumed working 
head and speed of the turbine. 

To get the theoretical maximum efficiency, it is obvious 
that the whole of the water's energy should be utilized in doing 
useful work on the wheel and hence that the water should leave the 
turbine with no velocity. But if the water hed no leaving velo= 
city, no water could pass through the wheel and therefore no work 
could be donee Hence in practice v, is made small by adopting one 
of the following hypotheses, viz., 

either that v," =0 

or else that Yo = Up. 
and so by working from figure 1l,with either of these suppositions, 
we may completely design our turbine. 


Té apply the above re@soning to the actuel case under con= 


LON 


7. 
<r ine is the next step. From data supplied by the manuface 


easuve we find that the turbine was designed to run at 780 revs. 


, per minute under a working head of 112 feet, and from very careful 
. G@rewings made of the turbine the following data were obtained. 
Di 
en3we = ry) = 5.25" T = 108° y = 26°21? 
2 
De 
a ae oe 7.00" B = 30° 
2 
D4N 22 10.5 780 
Hence up = ------=- = a--- KX oom X =--- = 35.7 ft. /sec. 
60 60 12 
tyo Den 22 «14 ~=——«780 
and Us = w----- = m-- xX =-- X --~ = 47.6 ft./sec. 
re 60 7 60 12 


Now v, = CyQ/2gh) = .94x\/64.4 x 115 
= 80 ft. per second. 
Now 
ve = uy24v42 ~ 2u, Vv) Ces y 
= 35.7° + 802 = 2 x 35.7 x 80 x .8961 


= 1274 + 6400 = 5120 


2554 
BA Vi = 50.6 
Similarly, from Vo" ~ Vv, =U. = uy” 
we get Vp = 59.6 
Hence breaking up Vj and Vp into their tangential and radial 


components, we get that 


Vy = 71lw7 ft./sec. and VW" = = 4 ft./sec. 


substituting in our fundamental equation we get 


" 
" 
» 
ui 


' " 
efficiency = eM, ea a 
gH, - 
= 78 % approximately. 

This is disregarding hydraulic and mechanical losses. From 
consideration of data from a number of tests and tables it was 
decided thet the main sources of loss were as follows: 

(a) Loss due to shock at entrance to wheel. 

(b) Loss due to water friction in passing through the wheel. 

(ce) Loss due to bearing and journal friction. 
‘ From the mean of a number of tables the sum of these losses 
was taken as about 20 Z, making the expected efficiency at 780 
IePpeMe and 112 feet, about 58 % There was not sufficient time to 
thoroughly investigate all these losses, but from the experiments 
we found that the efficiency at this head and speed was about 57 %, 


showing that the calculated values agreed very closely with the 


experimental value. 


APPARATUS. 

The Gilkes turbine is of the radial outward flow type. It 
con sists essentially of a wheel which carries 42 blades, bent to 
the proper curve, as shown in the accompanying drawing. 

The water enters the turbine chamber from the back, in a 
horizontal direction. From the turbine chamber it is admitted to 
the runner blades, through either one, two or three gates jor guide 
blades,| as the case may require. After passing through these blades, 
it drops down with little or no energy and is discharged through 
the bottom’ of the turbine into a tank. 


THE ADMISSION PIPE is 6 inches in diameter and is made of 
~~ 
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eraimery @est iron, and is not machined, being left in its rough 


state. 


THE TURBINE CHAMBER is of cylindrical form, of the same size 


@8 THB Sdmission pipe (6 inches diam.) and is likewise of cast iron, 
wnm@echined. Through the centre of this chamber there is a 2 1/8 

inch pipe, which protects the axl@ from water. One suggestion which 
Wes made was to put e piece of iron in the chamber at the end farthest 
from the wheel, of such a shape, and in such a position, that it 
would direct the water from the inlet pipe along the axis of the 
turbine without undue shock and consequent loss, caused by the 
present sharp corners. This was not tried, however, in this set of 
trials, owing to the difficulty of construction and of taking the 
turbine apart, and alse as it was doubted if much advantage would 

be gained in this particular case, owing to the slow velocity of the 
water in the chambers It is not difficult to see how slow this velo- 
citY, would be when we compare the cross-section of the gates with 
that of the chamber. However, in a different sized turbine, or one 
of different design, it would probably form an item which would be 


well worth considering. 


THE ADMISSION GATE, together with its shifting gear, is 
very clearly shown in the accompanying large drawing. It consists 
of a ring of brass, which is machined so as to slide on the inner 
surface of the guide blades. At a certain point thexe there is an 
opeming cut in the brass ring, 1 inch wide by slightly over 2 1/2 
inches long. This opening forms the orifice through which the water 
passes from the turbine chamber to the guide blades. The gate may 


be rotated so that water will be admitted to all three, two, or one 
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ETAILS oF GUIDE-BLADES or 


GILKES TURBINE 


MEGILL UNIVERSITY 


FULL SIZE 
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10. 
of We Blades, or finally the passage may be entirely closed. 
| To rotate this gate, a series of 15 teeth are placed on 
the infer. ay of the ring, on the opposite side to that of the 
ori fice, These teeth work in a pinion of 11 teeth, which is cone 
Weetes to a shaft passing through the chamber and out to a lever 
which spo" eee beside a segment of a circle, marked to show when 


one, ‘we or three tee are open. 


peed GUiDEe BUADEBSere three in number and are of the shape 
shown in Fig. © » The water enters them radially outwards, as 
"ee axis ,of the turbine, passes along the surface of the 
bic Mevend 49 fingiay deliv@Wei to the ‘runner blades. The angles 


of these biW@ee were very carefully obtained and are given on the 


drawing Gis: 4. 


ee ty was experienced in obtaining 


accurate . ear ste 7. 


possible, Ce) vent in 


to their peculiar shepe, it was ime 


@, such as wax, and withdraw it 


0 


egein without @estroying it. Several other ways were tried, such 


ast= ( rately bending electric fuse wire round the curves, 
withdrawing it, and. marking its shape on paper. (2) Hames 
mering in léad. {( Yqueezing in wet cardboard. (4) faking off~ 


sets from a port; but all proved inaccurate. We finally cut 
pieces of tinfoil to approximately the size and shape of the 
blades; as the sides of the guides are perpendicular to the sure 
faces of the Plades, it was possible to put this tinfoil against 


sides and work it up to the blades with a sharp knife. Now 


ping a knife under the foil you could give it a slight 
twist which yould enable the piece to be withdrawn from the 


passage. When this was done, the foil was again flattened out 


DETALLS oF RUNNER BLADES of 


see GL KES TLIRBINE 


FULL SIZE 
MSP GILL UNIVERSITY HYDRAULIC LAB. 


NOV.1903 


THERE ARE 42 RUNNER BLADES FO NSIONS A 


SHOWN, THE INSIDE FACE OF ERCH BLADE SUBTENDS 
ON EE ES 


N ANGLE Er EGREES AT TH CENTRE OF THE 


RUNNER. INLET TIP ANGLE - 72° OUTLET TIP ANGLE = 30° 
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ll. 
@erefully and we had an accurate shape of the guide passage. 
This Was at once treneferred to paper, from which the angles were 
finally measured. Of course the distances along the periphery of 
the wheel had to be obtained. 

There is also in this machine a fourth port, which is 
never used. If we examine the gate ring, we shall see a pikeay 
at the end of the admission orifice, where a piece of brass has 
been brazed in, so as to close up this port entirely. In fact it 
looks as though this machine was the first of its class to be 


built and consequently some experimenting had been done upon it 


before being turned out. 
| 


THE TURBINE RUNNER is of the shape shown in the drawing. |Fig 4 


it has 42 blades equally spaced aroung its periphery. The wheel 
is not one casting, but is a made up one. The blades are cut from 
sheet brass, bent to the proper shape and soldered in place. This 
fact, especially when we consider the large number of blades, 
accounts for some slight inaccuracies in spacing of them these 
blades, which would have been obviated had a cast wheel been eme= 
ployed. It is also due to this, to some extent we believe, that 


the efficiency of the wheel is so low. 


VENTILATION OF THE WHEEL. Three 5/8 inch holes are pro» 
rided in the end of the wheel to allow the admission of air to the 
int erior. Alse there are two 1/8 inch holes, one at each side of 


each bak blade,to allow for ventilation. 


CASING. The whole machine is enclosed in a cast iron 
case, Which is supported on the bed plate. The orifice for the 
discharge of water is located at the bottom. The design of this 
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wuld be much improved if it was made to open by raising 
ction instead of removing the whole side as at present. 
tilbbine is constructed now, in order to get at the inside 


it ie mecessary to take nearly the whole machine to pieces. 


AUXILIARY APPARATUS. 
TANKS. The water, which was used during the trial, was 


caught in two tanks located below the floor. Each of these tanks 


held about eleven hundred gallons. They were filled simul taneously. 


PRESSURE GAUGE. The gauge used to measure the head of 
water was Orosby No. 456670, range 0-160 lbs. We accurately calie 
brated this gauge on the Grosby @auge Calibrating apparatus in 
the Testing Laboratory and obtained a curve showing the correction 


to be made in the readings. 


BRAKE. In Figure . 0. is shown a drawing of the brake 
used. It is remarkably sensitive in its action and answered 
perfectly to the slightest adjustment. It is of the type which 
requires only one spring balance, the effective brake pull being 
read directly on one balance instead of on twe, as is usually the 


CasGe 


BRAKE WHEEL. This wheel is 18 inches in diameter, and is 
shown in the general arrangement view. At the higher heads it 
got quite hot, so it was necessary to pour a stream of cold 
water constantly on the inside. The force of this stream was 


reduced for the lower heads, owing to the fact that the foree of 
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inging was quite considerable, compared to the force 


rr 


e@ wheel. In order to keep the rope from sticking, the 
the wheel was kept constantly wiped off with a coalsoiled 


rage 


THE SPRING BALANCE,which registered the pull of the brake, 
was calibrated previously by suspending known weights on it. An 
initial weight equivalent to that of the brake, with its ropes 
on the wheel, but hanging loosely, was hung on the balance and the 


pointer wes then placed at zero. In this way we obtained directly 


the pull due to torque. 


SPEED COUNTERS. Constent speed was indicated approximately 
by means of a tachometer, which was driven by a belt from the ture 
bine shaft. This, however, was only a rough method, so we took 
the speed by means of an ordinary revolution counter, which was 
attached to the end of the shaft, and is shown in our drawing. 


From this we obtained the total number of revolutions during a 


trial. 


METHOD OF CARRYING ON TRIALS. 


The general principle which was adopted in running these 
trials was to keep the speed constant by adjusting the brake pull; 
and to keep the head of water constant by opening or closing the 
admission valve. 

The series of trials were run at speeds varying from 400 
to 1000 revs. per min. (intervals of 100 repem. being taken). At 


each speed the head was varied from zero to 100 lbs. (as read on 


-s 


14. 
the gauge). All this was repeated three timeszs= (1) with three 
getes open; (2) with two gates open; (3) with one gate open. 

| fo run the trials, the water was first turned on till the 
desired head was reached. Whenthis wes done, the speed was regulated 
till it was correct, by applying load to the brake wheel, or remove 
ing it, as the case might require. Sufficient time (which was not 
necessarily very long) was given for all governing factors to 
become constant before the trial was started. When everything was 
ready, at a given signal, the speed counter wes shoved in, and the 
wext weir gate, which directed the water into the tanks, was closed 
down. During the trial, brake load readings were taken at short 
intervals of time, so as to get the average brake pull during the 


tri al ~ 


At the close of the trial, at a given signal, the speed 
counter was removed, and the weir gate was opened up, allowing the 
Water to run to waste again. The total number of revolutions were 
divided by the time, and the revolutions per minute thus obtained. 
fhe quantity of water which went into the tanks was measured after 
the trial was completed. This was the procedure with each trial. 


From the results thus obtained we were able to get the Indicated 


Horse Power from 


wxQxH 
L1eHe Pe = e-----— ml 
33000 
where w = Weight of 1 cu.ft. of water- 
Q = Cu.eft. of water passed per minute. 
H = Head of water in feet. 


(oguag ent 
4neqo aedeg 
of 


heed betteeb 
saw 38 ft. 
28 +t 


rTP 


Also the Brake Horse Power from 
Px 2@rn 
BeHePe S --ne-s++---- 
33000 


Pull of brake. 


{ where P 


r= Effective radius (including rope) 


of brake wheel. 


n = Number of rev. /min. 
Having thus obtained the I.H.P. and B.H.P., the Effiviency 

naturally follows from 
B.H.P. 


Efficiency = ---—---- 
ise Ps 


CURVES PLOTTED. 
The curves plotted weres= 
(1) I.H.P., BeH.P. AND EFFICIENCY ON A HEAD (IN FEET OF 

WATER) BASE. This was done for speeds of 400 r./m. to 1000 tr./m. 

These curves show that the I.H.P. is practically the same 

a butrietan Read, 

for all speeds of the turbine, but that it rises, as would be 
expected, as the head of water increases; and at high heads rises 
more rapidly then at low heads. The B.H.P. is a straight line, 
showing that if the speed is kept constant, the horse=power varies 
directly as the pull, and therefore directly as the head of water. 
these curves become steeper as the speed increases. 

The efficiency curves show that at low speeds the efficiency 
rises much more rapidly to its maximum as the head increases than 


at high speeds, but that it also falls off more rapidly. Probably 


the most important point which can be gathered from these curves 


“) 


f 
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is thet with a given speed there is some head at which the ture 
Bine is most efficient. If the curves be examined carefully, it 
Will be found that at 780 R./m. and 110 ft.<head, the turbine 
yeaches thet point. This is just about the point given by the 
manufacturers as the point at which the turbine would do its 
best Work. The same curves were plotted for the machine when 
running with two gates open and one gate open, respectively. In 
comparing these three sets of curves, it is noticed that the two 
latter fall very much below the first one, which is what would be 
expected. 


(2) I.H.P., BeH.P. AND EFFICIENCY ON A SPEED BASE. 


These curves show that,as the speed increases, the I.H.P. 
remains almost constant for a given head, if anything, rising 
Slightly with the speed. 

fhe B.H.P. curve is rounded, showing that there is some 
speed ,(for each head), at which the best B.H-P. is obtainable. 
These limits of speed do not show the full curve, and therefore 
the maximum point is not always reached. This speed is lower at 
low heads than at high ones. 

The Efficiency curve follows the general direction of the 
B.H.P. curve, as might be looked for when the I.H.P. is almost 
constant. 

What was said regarding the curves on a head base, with one 
end two gates open, may also be repeated in this case. We were 
able to plot all the one gate curves on one sheet, so that an 
excellent comparison is ebtained by looking at the curves on thet 


sheste 
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F = se 
aie again shews the best speed and head of the turbine. The 
. 


in ’ 
smali figures give the head at which this efficiency was obtainede 


fhe maximum efficiency here plotted is that considered enly up to 
the Limits of head which were worked with. Hence the curves would 
assume @ Somewhat different form had the speed been carried higher. 


(4) HEAD REQUIR 


ED TO RUN TURBINE AT DIFFERENT SPEEDS 
WITHOUT OUTSIDE LOAD. 

These curves show what head is required to overcome the 
friction of the machine, windage, etc., when there is no load on 
the brake wheel. It is interesting to note that over two=thirds 
eof the power at 1000 r./ms with one gate open is wasted in maine 


taining this speed. 


in some of the curves, some points will be noticed to be 
slightly off the lines. This is due to unavoidable inaccuracies 
in the readings of some of the instruments; such as, for example, 
the brake balance which could not be read to much closer than a 
quarter of a pound, while if we tried to replace this balance by 
@ more sensitive one, the vibrations of the needle would be so 
great, owing to the light springs, that the readings would not be 
more accurate then before. Most of the points fell very close to 
the mean line drawn through them. in the case of plotting a 
curve, such as an efficiency curve, the curve was developed from 
the points which were obtained from the trials, but if these 
points fell off either the I.H.P. or B.H.P. curves, the efficiency 


was obtained from values taken from the curves rather than from 


ON 
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eur points, and owt points were plotted as well, 


the Pirst me thea adopted was to obtain the mean value from 


ss wd trials un at the same speed and head. This was adhered 


’'s ¢ 


eut with almost identical values. The number was 


reduced to two similar trials; which method would have 
proved very satisfactory (although somewhat laborious), had not 
& complaint come from the governors of the college, regarding the 
amount of water which was being used in the Hydraulic Laboratory. 
It was therefore considered expedient to find some other method. 
The one adopted was to run only one trial at each speed and head; 
to run all the trials at a certain speed together, and to plot our 
results as we went along. As the B.H.P. would lie on a straight 
line, and as the I.H.P. would be on a regular curve, which would 
just about repeat itself in the next set of readings (at a different 
speed) it is easily seen that the points would check each other, 
and that even a very slight error would be soon located. If such 
an error was found (if it amounted to any thing) the trial was 
repeated, special attention being paid to that part where the 
error wes thought to exist. If an error was found in our first 
readings,the second results were put in place of our first ones. 
Another way to reduce the amount of water used was to shorten 
the time of each trial. The first trials lasted for ten minutes, 
but it was found that the tanks would not hold enough water for 
this in some trials, so to maintain uniformity, it was thought as 


well to run all the trials for eight minutes. 
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In this eet of turbine trials, the machine has been dealt 
with feiher as a commercial article than as a scientifie piece of 
apPe py It would have been exceedingly interesting and profie 
table, to ve tried to trace out where the different losses 
betel: Whe ther they were due to friction, eddy currents in the 
water to shock, or windage, or if they could be traced to the 
poor construction of the wheel proper or eny part of the piping 
leading to it. While such a treatment as this would give most 
useful information no doubt, still it is feared the limits of 
time, and the large quantity of apparatus which would be required, 


prevent such a discussion in this paper. 
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